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We present the results of muon-spin spectroscopy (µ+SR) measurements on the molecular spin
ladder system (Hpip)2CuBr4(1−x)Cl4x, [Hpip=(C5H12N)]. Using transverse field µ
+SR we are able
to identify characteristic behaviour in each of the regions of the phase diagram of the x = 0 strong-
rung spin ladder system (Hpip)2CuBr4. Comparison of our results to those of the dimer-based
molecular magnet Cu(pyz)(gly)(ClO4) shows several common features. We locate the crossovers in
partially disordered (Hpip)2CuBr4(1−x)Cl4x (x = 0.05), where a region of behaviour intermediate
between quantum disordered and Luttinger liquid-like is identified. Our interpretation of the results
incorporates an analysis of the probable muon stopping states in (Hpip)2CuBr4 based on density
functional calculations and suggests how the muon plus its local distortion can lead to a local
probe unit with good sensitivity to the magnetic state. Using longitudinal field µ+SR we compare
the dynamic response of the x = 1 strong-rung material (Hpip)2CuCl4 to that of the strong-leg
material (C7H10N)2CuBr4 (known as DIMPY) and demonstrate that our results are in agreement
with predictions based on interacting fermionic quasiparticle excitations in these materials.
PACS numbers: 75.10.Pq, 75.50.Xx, 76.75.+i
I. INTRODUCTION
Spin ladders represent a class of low-dimensional quan-
tum magnets that occupy a regime of subtle which lies
between the stark extremes of the one-dimensional chain
or two-dimensional plane1. These materials are charac-
terised by two antiferromagnetic exchange parameters:
Jrung along the ladder rungs and Jleg along the ladder
legs. For ladders with an even number of legs the ground
states are magnetically disordered and show a gap in their
excitation spectrum. [They are often described as quan-
tum disordered (QD)]. An applied magnetic field B0 acts
to close the gap and, at a critical field B0 = Bc, there ex-
ists a T = 0 quantum critical point (QCP) above which
the excitation spectrum is gapless. In a one-dimensional
spin system such as an isolated ladder, divergent phase
fluctuations prevent the possibility of the high-field, gap-
less state showing long range magnetic order (LRO) and,
instead, a spin Luttinger liquid (LL) state is realised.
This gapless LL state is characterised by algebraically
decaying spin correlations and, since it involves no sym-
metry breaking, is reached via a crossover rather than
a phase transition for T > 0. Despite this, the change
in spin correlations has been shown to be observable in
thermodynamic measurements2,3. The QCP and related
physics in two-leg ladders has been extensively stud-
ied theoretically, but there has been comparatively little
matching experimental work due to the scarcity of model
systems with accessible energy scales. Fig. 1(a) shows a
schematic applied magnetic field-temperature phase dia-
gram for a spin ladder.
Arguably the best studied and clearest example of LL
physics has been found in a two-leg spin ladder system:
the strong-rung coordination compound piperidinium
copper halide (Hpip)2CuX4[where (Hpip) = (C5H12N)
and X = Br, Cl], whose phase diagrams are shown in
Fig. 1(b). The X = Br compound (Hpip)2CuBr4 has
2–4
Jleg/Jrung = 0.25 and a phase diagram that reveals LL,
quantum critical (QC) and QD regimes at low temper-
ature, with a critical field, derived from magnetization
measurements, of Bc = 6.7 T at T = 0. Owing to the
existence of a small three-dimensional coupling J ′ there
is also a region of 3D LRO within the LL dome below
T ≈ 0.1 K, where the inter-ladder exchange coupling
leads to 3D magnetic reminiscent of that shown by cou-
pled spin dimers in an applied magnetic field5. Above a
saturation field Bc2 the system becomes gapped, once
again. The X = Cl compound is characterised6,7 by
Jleg/Jrung ≈ 0.39 and a critical field of Bc = 1.73 T.
Taking these two compounds as end points in a series
(Hpip)2CuBr4(1−x)Cl4x, the controlled introduction of
disorder via halide substitution x, offers opportunities for
studying the effects of disorder in LL physics6. The sub-
stitution of the Br and Cl halide ions, which mediate the
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FIG. 1. (a) Schematic temperature-magnetic field phase dia-
gram for strong-rung spin ladder compounds. The coherence
scale of the order of the exchange parameter J along the legs
of the ladder is shown. Weak interladder coupling J ′ leads
to LRO. (b) Schematic LL domes for (Hpip)2CuX4, X = Br
and Cl, with the dome height determined via thermodynamic
measurements.
Compound Jrung(K) Jleg (K) Bc (T) Bc2 (T)
(Hpip)2CuBr4
4 12.6 3.55 6.73 13.79
(Hpip)2CuBr2Cl2
9 5.10 3.06 2.4 20
(Hpip)2CuCl4
7 3.42 1.34 1.73 4.38
DIMPY10 9.5 16.5 3.0 29
TABLE I. Summary of ladder exchange parameters and criti-
cal fields from magnetization data. In addition to the ma-
terials measured in this study, also included is the half-
substituted (Hpip)2CuBr2Cl2.
superexchange interactions between the Cu2+ spin sites,
facilitates disorder via randomised interaction strengths
whilst leaving the spin ladder structure qualitatively un-
changed. This quenched disorder provides the possibility
of realising and characterising new quantum states, such
as the elusive Bose glass phase6,8. A summary of the
parameters of representative members of the family of
materials discussed in this paper is given in Table I.
In this paper we present local probe measurements
of the magnetism in strong rung spin ladders. We em-
ploy implanted muons11,12 in two configurations. Firstly,
the transverse field (TF) geometry, intended to probe
the static magnetic field distribution in (Hpip)2CuBr4
and in partially disordered (Hpip)2CuBr4(1−x)Cl4x. Sec-
ondly, the longitudinal field (LF) geometry, intended to
probe dynamics and applied to (Hpip)2CuCl4. Muon
spin relaxation (µ+SR) has previously been shown to be
a sensitive local probe of static and dynamic effects in
one- and two-dimensional coordination polymer molecu-
lar magnets13–15, in both TF and LF configurations. The
technique has also been shown to usefully probe the phase
diagram and excitations in systems based on coupled
antiferromagnetic dimers5 and in spin liquid systems16,
whose low energy physics can also be viewed as being re-
lated to that of antiferromagnetically coupled, strongly
interacting dimers. However, detailed investigations of
spin ladders using µ+SR have not been possible until
the recent commissioning of new spectrometers with high
magnetic field and low temperature capabilities17,18.
There is also a direct and useful correspondence be-
tween a spin Hamiltonian in an applied magnetic field
and a lattice boson Hamiltonian in the grand canonical
ensemble8, where the applied magnetic field acts as an ef-
fective chemical potential for the boson excitations. For
the 3D interacting dimer case, this gives us a picture of
the magnetically ordered regime as being an analogue of
a Bose Einstein condensate (BEC) for magnons. For the
1D spin ladder case, this picture shows that the applied
field provides us with a control over the population of ex-
citations within the LL state. The measurements on spin
ladders presented here may therefore be viewed as provid-
ing a bridge between local probe results on the relatively
well understood 3D dimer physics seen in systems such
as Cu(pyz)(gly)(ClO4)
5 and the BEC of magnons candi-
date NiCl2·4SC(NH2)219, as well as the more exotic case
of spin liquid physics examined, for example, in Ref. 16.
Since spin ladder systems lie between these extremes, an
understanding of the muon’s interaction with spin lad-
ders is useful in interpreting the results of the more spec-
ulative work in the more complex spin liquid systems.
Moreover, in cases such as the spin liquids, where µ+SR
has provided unique insights, it is especially important to
assess the extent to which the implanted muon has the
potential to perturb the intrinsic magnetic state.
We show here the ways in which implanted muons are
sensitive to the different phases in the spin ladder mate-
rials and also to low frequency dynamics. Notably, our
first principles calculations of the nature of the muon
stopping site suggest that the muon’s sensitivity to the
physics in these systems derives from a local distortion
it makes to the crystal structure in its vicinity, which
leads to a significant perturbation to the local magnetism
(though in a quite different manner to that found in py-
rochlore oxides20). Despite this, the muon continues to
prove a useful probe of the global magnetic properties of
the materials, allowing us in the case of (Hpip)2CuBr4,
for example, to identify phase boundaries in agreement
with those suggested by other techniques.
The paper is structured as follows: Section II contains
a brief description of the experimental geometries em-
ployed in this investigation. In Section III we present the
results of TF µ+SR on (Hpip)2CuBr4 and its comparison
with measurements made on the dimer-based molecular
magnet Cu(pyz)(gly)(ClO4), where similar spectra are
measured. We analyze in detail the state of the stopped
muon in Section IV using first principles techniques and
3suggest how muon-induced changes in the local electronic
structure lead to a muon state that is sensitive to the lo-
cal magnetism. In Section V, we use the sensitivity of
the muon to the local magnetism to probe the effect of
introducing bond disorder. Finally, in Section VI we turn
directly to dynamics and discuss the comparison of LF
µ+SR measurements made on strong-rung (Hpip)2CuCl4
and strong-leg DIMPY.
II. EXPERIMENT
In the TF µ+SR experimental geometry12 the exter-
nally applied field B0 is directed perpendicular to the
initial muon spin direction. Muons precess about the
total local magnetic field B at the muon site. The
observed property of the experiment is the time evo-
lution of the muon spin polarization Px(t), which al-
lows the determination of the distribution p(B) of lo-
cal magnetic fields across the sample volume by means
of a Fourier transform. TF µ+SR measurements on
(Hpip)2CuBr4(1−x)Cl4x (x = 0, 0.05) were carried out on
single crystal samples at the Swiss Muon Source, Paul
Scherrer Institute (Switzerland) using the HAL-9500 high
field spectrometer. The crystals had approximate dimen-
sions 5 × 5 × 1 mm3. These cover the muon beam area
for the HAL-9500 spectrometer, leading us to expect very
little background signal from muons stopping in the sam-
ple holder. The single crystal samples were wrapped in
Ag foil (thickness 12 µm) and glued to a silver sam-
ple holder with GE varnish. The holder was mounted
on the cold finger of a dilution refrigerator, again with
the field directed along the b-axis. Analogous measure-
ments were made on a polycrystalline mosaic of crystal-
lites of Cu(pyz)(gly)(ClO4) using HAL-9500. The crys-
tals of this material were arranged on an Ag foil (thick-
ness 12.5 µm) which was glued to the sample holder.
Data analysis was carried out using the WiMDA analysis
program21, with TF spectra generated using WiMDA’s
apodized, phase-corrected cosine Fourier transforms.
In the LF µ+SR experimental geometry the field B0
is directed parallel to the initial muon-spin polarization.
The applied field decouples the contribution from static
magnetic fields at the muon site. This allows us to probe
the dynamics of the system, as time-varying magnetic
fields at the muon site are able to flip muon spins and
therefore to relax the average muon polarization. Our LF
measurements were made using the HiFi spectrometer
at the STFC-ISIS facility, Rutherford Appleton Labora-
tory (UK). A single crystal sample of (Hpip)2CuCl4 was
mounted on an Ag plate attached to the cold finger of a
dilution refrigerator, with the field directed along the b-
axis (i.e. perpendicular to the ladders). The sample sizes
were similar to those given above.
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FIG. 2. Fourier transform TF µ+SR spectra measured for
(Hpip)2CuBr4 at fixed temperatures of (a) T = 0.02 K and
(b) T = 0.5 K. Colors refer to Fig. 1(a) and shading highlights
the satellite peaks.
III. TRANSVERSE FIELD MEASUREMENTS
A. (Hpip)2CuBr4
To investigate the phase diagram of the spin ladder sys-
tem using implanted muons, we use TF µ+SR measure-
ments. In the high magnetic field limit, the muon spin
relaxation rate (and hence the width of the features seen
in the Fourier transforms of the spectra) are determined
by the magnetic field correlations along the direction of
the applied magnetic field. Example Fourier transform
TF µ+SR spectra are shown for (Hpip)2CuBr4 in Fig. 2
at two temperatures. At each applied field we find signif-
icant Fourier amplitude A(B) [proportional to the field
distribution p(B)] close to the applied field B0, but also
significant spectral weight displaced from B0. With in-
creasing applied field the average spectral weight shifts to
lower fields. The evolution of the spectral features may
also be tracked in the color map plot of Fourier amplitude
shown in Fig. 3.
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FIG. 3. A color map of Fourier amplitude as a function of
applied fieldB0 for TF measurements on (Hpip)2CuBr4. Data
are shown at T = 0.5 K, with a broad vertical scale on the
left and an expanded vertical scale on the right. White lines
are guides to the eye showing probable transitions (see text).
In order to extract more quantitative detail from the
field distributions, the spectral functions A(B) were fit-
ted to the sum of several peaks. It is found that for
5.5 ≤ B0 ≤ 8 T the data can be best described by a sum
of four distinct Gaussian components: two modelling the
shape of the large feature whose centre is near B0, one for
the high field side feature seen in the QD region and one
for the feature seen on the low-field side of the peak that
persists into the LL regime. The spectra were therefore
fitted to the function
A(B) =
4∑
i=1
Ai exp
[
− (B −Bi)
2
2σ2i
]
. (1)
The amplitudes Ai were found to be roughly constant
with varying applied field, allowing us to track the be-
haviour of each of the components.22 [We find that
the two central components have similar spectra weight
(given by the product Aiσi), with the peaks above and
below each having ≈15% of that spectral weight.] The
position Bi and width σi of the peak components are ex-
tracted and plotted against applied field B0 in Fig. 4 for
data measured at T = 0.5 K.
Several trends are apparent in the data and the cor-
responding fits. As the quantum critical (QC) region is
approached from the quantum disordered (QD) regime
on increasing B0 a high field shoulder is seen in addi-
tion to the large central peak. As the field is increased,
this feature shifts towards the central line, before merg-
ing into the broad central peak above the crossover field
Bc ≈ 7 T. At B0 = 6.3 T and above, we see an additional
peak on the low field side, which persists and shifts to still
lower fields as the applied field is increased. The broader
of the two central features shows a maximum in its width
centred on Bc. It is notable that these features correlate
with the independently determined phase diagram of the
material. The high field feature is visible in the QD and
QC regimes and disappears as we pass into the LL/LRO
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FIG. 4. Results of fitting Gaussian peaks in Eq. 1 to the data
for (Hpip)2CuBr4 at T = 0.5 K. (a) Peak position Bi relative
to the applied field B0. (Lines are guides to the eye.) (b)
Peak width σi.
regions. As we leave the QD region and cross into the QC
regime, a low-field feature appears which persists into the
LL/LRO region. Taking the T = 0 QCP to be at the cen-
tre of the QC region leads to an estimate Bc = 6.7 T, in
broad agreement with the magnetization result. We are
therefore able to broadly distinguish the regimes showing
quantum disorder (with the high-field feature resolvable)
and LL physics (where this feature is not resolved).
The spectra are generally quite similar for T = 0.02 K
and T = 0.5 K where they reflect the same phases. The
most significant differences are seen in the data measured
for (Hpip)2CuBr4 around 6.5 T and 8 T. The former field
is close to the QD–QC crossover [Figs. 1(a) and (b)]. At
this applied field, raising the temperature causes a shift in
spectral weight to lower fields. This is consistent with the
negative slope of the boundary between QD and QC re-
gions [Fig. 1(a)], which causes the low temperature point
to be closer to the QD region and the higher tempera-
ture point to be closer to the QC regime. The shift in
spectral weight to low fields is then seen to follow the
same trend as we find in the constant temperature scans
from the QD to QC region, which also involve a shift in
spectral weight to lower fields as the applied field is in-
creased. At 8 T the 0.5 K data reflects the LL phase, with
a rather broad low field satellite, whereas at 0.02 K the
satellite found to be much sharper, reflecting the LRO
phase. The overall difference between the LL and LRO
5phases is however found to be quite subtle.
B. Cu(pyz)(gly)(ClO4)
The features identified above reflecting the physics of
the system can be compared with analogous measure-
ments we have made on the magnetic dimer material
Cu(pyz)(gly)(ClO4). This system
5,23 is based on inter-
acting antiferromagnetic dimers which are coupled in a
staggered configuration into sheets. The measured phase
diagram of this system is shown in Fig. 5(a), showing
quantum disordered, XY antiferromagnetically ordered
and ferromagnetically ordered (FM) phases as a function
of applied field B0. Our TF µ
+SR spectra measured as
a function of applied field B0 [Fig. 5(b)] show the same
trends as the spin ladder measurements. In the QD phase
at 1.6 T the observed line is asymmetrical with spectral
weight on the high field side of the central peak. In the
ordered phase (5.6 T) the spectrum is significantly broad-
ened with spectral weight shifted to the low field side of
the spectrum. We fit Lorentzian peaks to these data us-
ing the function
A(B) =
N∑
i=1
Ai[
1 +
(
B−Bi
σi
)2] , (2)
with N = 3. This allows us to track the separation
Bi − B0 of the additional spectral weight from the peak
at the applied field. The Lorentzian lineshape most likely
reflects a particularly strong dynamics in this case. The
result of this analysis is shown in Fig. 5(c), where we see
that the low-field phase boundary can be identified via
a discontinuity in Bi −B0 with increasing B0, while the
high-field boundary may be identified via a discontinuity
in the gradient of this quantity. The former feature is
probably due to the change in both time-averaged local
field and dynamics on crossing the QD-XY phase bound-
ary. The latter feature probably reflects the fact that
although the XY -FM transition does involve a crossing
of energy levels, so is indeed a phase transition, at least
classically these two phases result in muon ensembles ex-
periencing similar local magnetic field profiles.
This same general trend is also the case in measure-
ments we have made19 on the BEC candidate material
NiCl2·4SC(NH2)2 (known as DTN). In that system, mea-
surements in the QD regime show a peak on the high-
field side of the applied field, which vanishes as the LRO
phase is approached, with spectral weight appearing on
the low-field side in the LRO region, as we observe here.
It is interesting to note that a significant difference be-
tween the results for the spin ladder material and those
for DTN and Cu(pyz)(gly)(ClO4). For (Hpip)2CuBr4 we
start to see the low-field feature emerge in the QC re-
gion, which coexists with the high field peak. In con-
trast there is a sharp separation in behaviour in DTN
and Cu(pyz)(gly)(ClO4) between the QD and LRO re-
gions, with no coexistence. This reflects the difference
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in physics between the two magnetic systems in which
the lack of symmetry breaking in the spin ladder ma-
terial leads to T > 0 crossovers rather than the phase
transitions of the BEC materials.
6IV. THE STATE OF THE STOPPED MUON
A. Dynamical Regime
In order to understand the origin of the TF µ+SR sig-
nals reported in section III and the LF µ+SR signals that
will be reported in section VI we examine the nature of
the stopping state of the muon. We consider first the
case of ZF and LF µ+SR. In most magnets, we are well
within the fast fluctuation limit at temperatures above
TN. In zero field measurements we often observe that
the electronic fluctuations are partially narrowed from
the spectrum (allowing nuclear moments to make a size-
able contribution to the relaxation in zero field). A rough
estimate can be made of the muon relaxation rate based
on the fluctuating amplitude of a magnetic field compo-
nent at the muon site and the fluctuation time τ . In
a fast fluctuation regime with dense magnetic moments
and relaxation dominated by exponential correlations11
we expect the muon polarization P (t) to relax following
an exponential function P (t) = exp(−λLFt) with the LF
relaxation rate given by
λLF =
2γ2∆B2τ
ω20τ
2 + 1
, (3)
where ω0 = γB0, B0 being the applied field and γ the
muon gyromagnetic ratio. If there are several distinct
muon sites in a material, then we would expect a relax-
ation rate λi for a particular site i, to reflect the fluctu-
ating magnetic field ∆Bi at that site, along with the cor-
relation time for the site τi. The relaxation of the muon
site would then follow P (t) =
∑
i ai exp(−λit), where ai
reflects the occupancy of each site.
Within the same approximation, the TF relaxation is
given by the Abragam function11, which in the fast fluc-
tuation limit also predicts exponential relaxation with a
transverse relaxation rate
λTF = γ
2∆B2τ (4)
and a corresponding Lorentzian lineshape in the fre-
quency domain. Assuming that, for a particular site,
transverse and longitudinal field-field correlations are
of the same order of magnitude, we may compare the
transverse relaxation rate of ≈ 10 µs−1 with a typical
longitudinal one of ≈ 0.1 µs−1 (see section VI), from
which we obtain an estimate of the characteristic pa-
rameters ∆B ≈ 50 mT and τ ≈ 5 ns (corresponding
to γ∆Bτ ≈ 0.2, confirming the original assumption of
being in the fast fluctuation limit). This would imply
that there is at least one muon site experiencing signifi-
cant dynamic fluctuations of this amplitude. Dipole field
calculations based on the muon site analysis below (see
Appendix) are fully consistent with this estimate.
Besides this evidence for a fast fluctuating dynamical
response in at least part of the spectrum, the TF mea-
surements are also sensitive to any time averaged field
component along the applied field direction. Evidence for
such quasistatic fields is provided by the shifted satellite
features found in the spectra.
B. Muon sites
To identify the specific classes of muon stopping state
we have carried out spin-polarized density functional the-
ory (DFT) calculations within the generalized gradient
approximation (GGA)24, using the plane wave basis-set
electronic structure code Castep25. Structural relax-
ations were performed using a 2×1×1 supercell and de-
tails of these calculations can be found in the Appendix.
We find three characteristic stopping sites based on the
local geometry around the muon position and show each
of these in Fig. 6. (I) In the lowest energy sites the muon
sits between two Br atoms forming a rung of the spin
ladder [Fig. 6(a)] (called the rung sites below). The re-
sulting Br-µ+-Br -like structure is similar to the F-µ+-F
complex26 commonly formed in other complex systems27
(and predicted using DFT28), although we note in the
present case that the two µ+-Br bonds lengths are un-
equal. (II) A second class of site has the muon sitting
between two Br atoms forming a ladder leg [Fig. 6(b)]
(the leg sites hereafter). (III) In the third class of site
[Fig. 6(c)] the muon sits within a CuBr4 tetrahedron (the
tetrahedron sites, hereafter). These three stopping sites:
rung, ladder and tetrahedron, have many features in com-
mon. Most notably, in all cases the muon sits between
two Br atoms. This is true even for the case in which the
muon lies inside the CuBr4, where the muon sits along
an edge of the tetrahedron. We conclude that the Br-
µ+-Br-like state is highly probable for a muon stopping
in this material, with the muon consistently found to sit
slightly closer to one of the Br atoms than the other.
Most importantly for our discussion, each of these
sites causes significant structural, electronic and mag-
netic distortion to the local environment (see Appendix).
In Fig. 6 we show the most significant atomic displace-
ments. The lighter spheres indicate the initial positions
of the atoms whereas the darker spheres represent the
relaxed positions of the atoms. The displacements of all
other atoms (not shown) are less than 0.2 A˚. In all cases
we observe a significant displacement of the nearest Cu
atom, which is accompanied by a stretching of the near-
est Cu–Br bond. In the leg and rung sites it is the Cu
atom within the tetrahedron containing the Br atom that
the muon sits closest to that experiences a significant
displacement. The perturbation on the local magnetism
caused by the muon (and described in the Appendix) is
also significant, involving a reduction in the local Cu mo-
ments and changes in their local spin polarization over
sizeable distances.
7FIG. 6. Muon stopping sites within the spin ladder structure.
Muons were found to stop (a) along ladder rungs (b) along
ladder legs and (c) inside the CuBr4 tetrahedra. For clarity,
only Cu atoms (orange spheres) and Br atoms (red spheres)
are shown.
C. Mapping the features in the TF spectra
We can consider the three muon sites identified above
in reconciling the features seen in the TF spectra, where
we have four types of muon state: two experiencing local
ranges of magnetic fields close to the magnitude of the
applied magnetic field (i.e. they see a small average in-
ternal magnetic field contribution from the sample) and
one either side of these (which experience a larger internal
field contribution). Below we discuss how each of these
muon states predicted by DFT might contribute to the
observed features in the spectra. We argue that the fea-
tures observed on either side of the central peak are likely
to be due to a sizeable perturbation to the system caused
by the muon-induced distortion to the system with asso-
ciated local staggered moments, and identify the rung
and leg sites as those most likely to be responsible for
these features, owing to the disruption to exchange cou-
plings that they are predicted to cause in their vicinity.
(Note that the structure of the material suggests that
there are two exchange pathways along the rung and one
along the leg, with the two rung paths related by an in-
version center. If the muon is close to one Br, we then
expect to find two muon sites coupled to the rungs and
two sites coupled to the legs.)
The observed central peaks are of rather different char-
acter to the peaks we observe on either side: one central
contribution is relatively narrow and one rather broad.
The narrow central peak varies relatively little over much
of the field range and would appear to result from muon
sites not well coupled to the material itself. Sites con-
tributing to this latter peak might include muons stop-
ping outside the sample in the sample holder, or from
muons in sites in the sample where they do not experi-
ence a significant static internal local magnetic field. We
do not discuss these sites further as they provide little in-
formation about the system. The broader peak is better
coupled to the magnetic behaviour, showing a maximum
in its width on passing through Bc which suggests a dy-
namical origin. Sites in which a muon sits close to the
(C5H12N)
+ ions might reasonably produce these central
peaks as a result of the muon sitting further away from
the Cu ions and thereby experiencing a relatively small
internal local field. However, such sites were not found
in our calculations, even with the muon being initialised
close to the piperidinium rings, with the exception of one
site which was found to be around 2 eV higher in energy
than the low energy muon sites. We therefore conclude
that such a site is unlikely to be realised. This is to be
contrasted with calculations performed on the strong-leg
spin ladder system (C5H9NH3)CuBr4
36 which demon-
strate sites where the muon was able to form a C-µ+
bond, breaking the ring. Calculations performed on an
isolated piperidinium ion showed a similar ring-breaking
and bond formation. This implies that the formation of
the µ+-Br bond is so energetically favourable in the cur-
rent case that muon sites not involving this coordination
are unlikely to occur. In the absence of sites near the
carbon atoms, we tentatively attribute the broad central
peak to muons stopping in tetrahedron Br-µ+-Br sites.
Whereas the perturbation of the rung and leg sites is
identified as being necessary for the associated spectral
features we observe, muons in the tetrahedron sites do
not sit directly along the magnetic exchange pathways
and thus might be expected to perturb the system much
less strongly than the rung and leg sites.
The two features appearing on either side of the central
lines result from muon sites that couple to the physics of
the spin ladders, as the features correlate strongly with
the known phases of the material. In the QD region we
observe a feature shifted to the high-field side of the cen-
tral peak, while in the LL/LRO regions we see a feature
on the low field side. Note that the discontinuity in the
field shift on passing through Bc, the difference in slope
of their field dependence [Fig. 4(a)] along with the ap-
pearance of both features simultaneously in the QC re-
8gion would strongly suggest that they do not arise from a
single feature in the spectra that moves continuously as
a function of applied field, indicating that they each re-
quire separate explanations. If we consider a muon site in
the crystal and the region of the material around it, the
total local magnetic field experienced by the muon will
be the vector sum of the externally applied field B0, in-
ternal field from the surrounding pocket of material Bint,
the Lorentz field BL from more distant moments and the
demagnetizing field Bdemag. Approximating the sample
as a flat plate, we would expect that Bdemag = −µ0M ,
where M is the magnetization, and that the Lorentz field
will be given by BL = µ0M/3. The field at the muon site
is then B = B0 − 2µ0M/3 +Bint.
The unperturbed QD region, formed from interacting
antiferromagnetic dimers, should give no internal mag-
netic field at the muon site arising from the Cu2+ spins
and should have magnetization M = 0 and so we would
therefore expect B = B0. The unique signal we observe
on the high-field side of the central peak in this phase
must therefore result from a small additional contribu-
tion to the magnetization or internal field. One possible
source of a small magnetization identified in the BEC
compound DTN19 was that a small misalignment of the
crystal with respect to the applied magnetic field can
lead to a small non-zero magnetization M , however no
such effect has been reported for our material. In order
to observe a peak at positive B −B0, we require a posi-
tive contribution to Bint in a region of the phase diagram
where there should be no electronic spins in the unper-
turbed state. The main candidate for producing such an
effect is a muon stopping site such as the rung or ladder
state that distorts its local environment to the extent
that a hyperfine or dipolar contribution from the local
Cu2+ moments becomes resolvable. This might, for ex-
ample, involve the rung site disrupting the local exchange
pathway between the two Cu2+ ions in a dimer, or a more
general distortion leading to a hyperfine field at the muon
site. One rather extreme example of a muon induced dis-
tortion, still consistent with the DFT result, would be the
breaking of a local dimer by the muon which would re-
sult in an unpaired spin near the muon site aligned pref-
erentially along the applied field B0. Such a distortion
was also suggested to be the case in µ+SR measurements
on the double chain compound KCuCl3
29. There a TF
signal comprising seven frequencies was observed at low
temperature with a temperature dependence suggestive
of unpaired Cu2+ spins. However no comparable spectral
structure or temperature dependence is observed here.
D. Behaviour in LL/LRO phases
We now turn to the features on the low field side of
the central peak that are most evident in the LL and
LRO phases. In the LRO phase in the spin ladders3 at
8.6 T, the spins are aligned perpendicular to the a-axis
and antiparallel within the ladder, but parallel on ladders
of the same type [propagation vector k = (0.5, 0, 0)]. The
ordered moment is 0.41 µB per copper ion. Increasing
the applied field in the region B0 > Bc cants the AF
order parallel toB0. Thus the magnetization rises rapidly
and via the negative contribution from the sum of the
Lorentz and demagnetization fields, should be expected
to result in the appearance of a new peak at low field
which moves to still lower frequency as the field is further
increased, as we observe. Thus, the low-field peak which
is seen at fields exceeding Bc has a separation from the
central peak which increases proportionally not to B0 but
to B0 −Bc and thus tracks the chemical potential of the
bosonic excitations.
However, just as in the QD region, it is unlikely that
the muon probe coupling passively to the field of the
local magnetic moments provides the entire explanation
here. This is because the low field feature is seen not
just in LRO phase but also in the LL phase, where there
should not be magnetic order. In the LL phase there
will be some magnetization owing to correlations that
locally resemble the spin configuration in the ordered
phase, leading to a larger contribution −2µ0M/3 from
the Lorentz and demagnetizing fields. However in this
phase the local magnetic field will be rapidly fluctuat-
ing on the muon time scale. Moreover, the distortions
close to the muon described above will still be active
and might be expected to produce a distortion in the
local magnetism of the LL electronic state, as has been
previously suggested theoretically30,31. In fact, there is
experimental evidence for such states in the low temper-
ature behaviour of the 1DQHAF dichlorobis (pyridine)
copper (II) (CuCl2· 2NC5H5 or CPC)32. In this case,
shifts in the TF µ+SR spectra were attributed to muon-
induced perturbations to the spin chain. The physics
here involves the muon moment causing a significant per-
turbation to the local exchange links, leading to a local
susceptibility which differs markedly from that of the rest
of the chain30,31. In the case of CPC, where a powder
sample was measured, peaks were resolved on both sides
of a central peak, attributed to site dependence of the
sign of the hyperfine field, with the fact that the sample
was a powder causing a dipolar broadening only, and no
shift in the peak position.
The occurrence of both satellite features in the QC
region provides evidence that the low field feature does
not simply track the macroscopic magnetization, since
the appearance of the low-field feature below Bc suggests
that the muons are sensitive to LL correlations and that
these start to form on the muon response scale in the
6 ≤ B ≤ 7 T region.
At this point we can turn to the calculations of local
field at the three sites outlined in the appendix. These
indicate that a straightforward assignment of the satel-
lite features can be made, the high field feature being
from rung sites in an environment with quasistatic lo-
cal canted AF order and the low field satellite from leg
sites within the same quasistatic local canted AF environ-
ment. The presence or absence of each of these features
9in the different phases reflects an interplay between the
muon-induced perturbation at each site and the under-
lying state of the system.
As noted above, impurity-induced local AF order is a
known property of chain systems, thus its presence in re-
sponse to the more strongly perturbing muon sites across
a large part of the phase diagram is not entirely surpris-
ing. A key question is why such an effect disappears for
the rung site in the LL/LRO phase as well as for the leg
site in the QD phase. One possibility (examined further
below in section V) is that the presence of the muon in
the rung sites site leads to a distortion that reduces the
size of the local spin gap. This would explain the appear-
ance of the low field feature at fields below Bc and also
to the occurrence of a feature in the QD region. Another
possible explanation for the disappearance of the static
features is that dynamical interaction between the muon-
induced moments and the QD and LL/LRO phases leads
to fast spin fluctuation and removes the static component
of the field at the respective muon sites in these phases.
The precise mechanism for this behaviour is unclear at
present and it is clearly an area that would benefit from
further theoretical investigation.
In conclusion, it is difficult to reconcile the features we
see in the spectra without invoking a significant distor-
tion to the local electronic structure caused by the im-
planted muon. The two stopping sites lying along the ex-
change pathways, both found via our DFT calculations,
provide such distortions. However even in the presence of
this local distortion, we obtain here the striking and im-
portant result that the nature of the resulting stopping
state allows the muon to probe the global, underlying
physics of the spin ladder via its response to the perturb-
ing muon.
V. TF µ+SR ON (Hpip)2CuBr4(1−x)Cl4x
Using the conclusion from the previous section that
features in the TF µ+SR spectra may be correlated
with the regimes of behaviour in spin ladder systems,
the natural extension is to investigate the possibility of
new phases in disordered spin ladder systems such as
(Hpip)2CuBr4(1−x)Cl4x. In the itinerant boson picture,
the controlled introduction of disorder that we investigate
here has a dramatic impact on the single-particle eigen-
states for the bosons, leading to the possibility of new
phases such as the Bose glass phase in the dilute dop-
ing limit. The disorder introduced by the randomized
exchange interaction strengths acts to locally reduce the
singlet-triplet gap, so that for fields below Bc local con-
densation of triplets with finite susceptibility may occur.
Specifically, in the case of this material, the substitution
of Br for Cl is expected to influence both the rung and
leg exchange pathways. If a rung bond is diluted, for ex-
ample, two localised moments are created that still cou-
ple antiferromagnetically, but with a smaller exchange,
which could lead to a local closing of the energy gap34.
T
Bc′ Bc1
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FIG. 7. Suggested phase diagram for disordered
(Hpip)2CuBr4(1−x)Cl4x on the basis of thermodynamic mea-
surements of the x = 0.1 concentration34 and our µ+SR mea-
surements of the x = 0.05 concentration (see main text). An
additional dome appears between Bc′ and Bc1 and a coex-
isting magnetic phase with distinct relaxation parameters is
indicated (dotted line).
Specific heat and magnetocaloric effect (MCE) mea-
surements on members of the doped system with x =
0.1, 0.5 and 0.9 were reported in Ref. 34. Our measure-
ments are made on a sample with x = 0.05 and so we
might expect a phase diagram that is similar to that ob-
served in the x = 0.1 case. For the case of the thermo-
dynamic measurements on x = 0.1, the typical dome-like
structure of the Luttinger liquid regime is observed in
roughly the same place, in addition to a new feature in
the phase diagram in the form of a smaller dome cen-
tred around 6.5 T with an onset at a lower critical field
Bc′ = 6.1(3) T [shown schematically in Fig. 7]. MCE
measurements suggest a sharp cusp separating the two
domes at Bc1 = 7.1(2) T. In addition, heat capacity mea-
surements suggested that around 4 . B0 . 6 T, there
is a region depicted using dotted lines in Fig. 7, whose
temperature relaxes differently with time to that in the
rest of the phase diagram (it requires an additional expo-
nential relaxation for fitting the heat capacity response).
This effect was suggested to be indicative of a coexist-
ing magnetic system whose interaction with the phonon
system acts on a different time scale. As pointed out in
Ref. 34, the resulting phase diagram bears a resemblance
to that predicted for the case of 3D dimer system on
the basis of quantum Monte Carlo simulations35. Here
two dome-like regions are predicted: one at higher field
involving the BEC of all spins and a lower-field dome re-
flecting the microcondensation of triplons on disordered
bonds. A Bose glass phase is predicted at fields below
each of the domes. In our case, the coalescence of the
domes only leaves the possibility of glassy in the region
at fields below a critical field Bc′ .
Example Fourier transform TF µ+SR spectra are
shown for (Hpip)2CuBr4(1−x)Cl4x with x = 0.05 in Fig. 8,
measured at T = 0.02 K. In contrast to the x = 0 case
described in Section III, the central line is rather broad
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FIG. 8. Fourier transform TF µ+SR spectra measured for
(Hpip)2CuBr4(1−x)Cl4x (x = 0.05) at T = 0.02 K.
with no additional peaks resolvable as a function of ap-
plied field. However, the shape and position of the line
can be seen to change both in Fig. 8 and more clearly in
the color map plots shown in Fig. 9. Particularly notable
in the color maps are marked changes seen at B0 = 5.9 T
(at both T = 0.02 and 0.7 K) and at B0 = 4.8 T (seen
only in the T = 0.02 K scan).
The broad line observed in the spectra made the fitting
of several Gaussian peaks impossible for this material.
Instead, it was found that the features were best fitted
by a sum of two broad Lorentzian peaks using Eq. 2,
with N = 2. (The success of the Lorentzian lineshapes
in fitting the spectra probably reflect the sum of several
components broadened significantly compared to the x =
0 case.) The results of fitting the spectra to this function
are shown for measurements at T = 0.02 K in Fig. 10.
As in the color maps, marked changes are observable in
the fitted parameters at B0 = 4.8 T and 5.9 T.
As in the x = 0 case we have evidence for a high-
field feature whose amplitude decreases continuously
[Fig. 10(b)] and becomes very small above B0 = 5.9 T,
with a shift in field that peaks in the region 4.8 < B0 <
5.9 T. This would seem to correspond to the high field
peak seen in the x = 0 material in the QD phase, al-
though it is not resolvable as a separate line, owing to
the width of the central line. The central feature is seen
to increase in amplitude in the QD regime [Fig. 10(b)],
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FIG. 9. A color map of the the Fourier amplitude as
a function of applied field B0 for TF measurements on
(Hpip)2CuBr4(1−x)Cl4x with x = 0.05. Data are shown at
(a) T = 0.02 K and (b) T = 0.7 K. White lines are guides to
the eye showing probable transitions (see text).
and then decrease continuously from around B0 = 4.8 T,
while its width increases monotonically with increasing
field [Fig. 10(c)]. The centre of both features shifts with
field [Fig. 10(a)] showing quite large changes in the shift
direction at B0 = 4.8 T and B0 = 5.9 T.
The disappearance with increasing B0 of the high field
component in the x = 0 concentration and the present
material allows us to suggest Bc′ = 5.9 T for the x = 0.05
material, similar to that observed in x = 0.1. Given the
change in around Bf = 4.8 T, we also have the possi-
bility of a crossover into a new region of behaviour for
the field range 4.8 < B0 < 5.9 T at T = 0.02 K. (Note
that at these low temperatures, we would not expect a
wide region of QC-like behaviour.) This is the part of the
phase diagram where glass-like behaviour is expected. In
this range of applied field, the high field component per-
sists but at low amplitude, while the central line shifts
back towards B0. This region is therefore characterized
in our µ+SR measurements by behaviour intermediate
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FIG. 10. Results of fitting Eq. 2 to the data measured for
the x = 0.05 compound at T = 0.02 K. (a) Peak position Bi
relative to the applied field B0. (b) Amplitudes Ai. (c) Peak
widths σi.
between that observed in the QD region and the LL re-
gion. This is suggestive of a division in the muon sites
between environments showing each of these behaviours.
This scenario is in good agreement with the observation
of the heat capacity taking on a two-exponential form
in the 4 . B0 . 5.8 T region in the x = 0.1 mate-
rial, which is characteristic of two coexisting magnetic
states34. Moreover, one of the predictions of Bose glass
physics is a scenario where locally the gap in the exci-
tation spectrum closes at disordered sites, producing the
same environment as seen in the LL phase8. We there-
fore suggest that something similar may be happening
in the 4.8 < B0 < 5.9 T region. It is notable that the
features that we see at T = 0.02 K are absent in the data
measured at T = 0.7 K, leading us to suggest that the
situation may look like the phase diagram shown in Fig. 7
with the peak in the glassy dome occurring below 0.7 K,
in agreement with that inferred from specific heat34.
VI. LONGITUDINAL FIELD MEASUREMENTS
Using LF µ+SR allows us to investigate the excitations
of the spin ladder system on the muon (µs) timescale.
In such measurements, the spin relaxation is determined
by the magnetic field correlations perpendicular to the
applied magnetic field. We make LF measurements on
(Hpip)2CuCl4 which has Bc lying within the field range
of the HiFi spectrometer at ISIS. On the basis of our DFT
studies of (Hpip)2CuBr4 we expect the (Hpip)2CuCl4
system will also have a tetrahedron site that will domi-
nate the LF relaxation. LL theory provides a complete
quantum mechanical treatment of the low temperature
behaviour for B0 > Bc built upon only two interaction-
dependent parameters: u and K. Dynamical spin exci-
tations within the LL are best viewed as being due to
interacting spinless fermions, where the LL parameter K
is a measure of the sign and strength of the interactions.
NMR investigations4 of the spin-lattice relaxation rate
1/T1 led to the prediction 1/T1(T ) ∝ T (1/2K)−1, which
allows the determination of K from the power law ex-
ponent α = (1/2K) − 1, and therefore provides a quan-
titative test of LL theory that we can access with our
measurements.
In order to test whether longitudinal field (LF) µ+SR
could be used to probe the dynamics of the spin lad-
der system, measurements were previously performed37
on the strong-leg spin ladder material (C7H10N)2CuBr4
(known as DIMPY) using the HiFi instrument at the ISIS
facility. DIMPY has Bc ≈ 3.0 T and, at applied fields
above Bc, orders below Tc ≈ 0.34 K. As a result of lying
in the strong-leg regime, DIMPY has a Luttinger param-
eter K > 1, which corresponds to attractive interactions
between fermionic excitations. This leads to a prediction
that the power law exponent α < −0.5. It is notable that
this scaling applies in the LL regime only, so we require
not only that B0 > Bc but also that Tc  T  J and
this was borne out in the NMR results10, where the pre-
dicted behaviour was found in the realm of applicability
of the model.
The measured spectra for both DIMPY and
(Hpip)2CuCl4 were fitted to the relaxation function
A(t) = Arele
−λt +Abg, (5)
where Arel is the fixed, relaxing asymmetry and Abg is
a field-dependent nonrelaxing component. The observa-
tion of a single relaxation rate suggests that muons from
one class of site contribute most strongly to the observed
dynamics. The fitted relaxation rate might be expected
to principally reflect the sites that give the broad central
component in the TF data, since these makes the largest
contribution of the three sites that are sensitive to the
intrinsic magnetism of the system. The relaxing ampli-
tude for (Hpip)2CuCl4 was found to be relatively small
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ladder (Hpip)2CuCl4.
at a few %, reflecting the constraints of the instrument
and sample geometry and the relatively small fraction
of muons with strong enough coupling not to have their
relaxation quenched by the LF. The temperature depen-
dence of the slow relaxation rate at fixed field is the pa-
rameter of interest here and we did not expect or detect
any significant temperature dependence of Arel, so it was
held fixed in the fitting.
At the magnetic fields of interest we expect any nu-
clear contribution to the muon relaxation to be fully
quenched and therefore we probe only the electronic
spin dynamics.37 The LF relaxation rate λ is then
equivalent to 1/T1 measured in magnetic resonance.
Fig. 11(a,b) shows the µ+SR relaxation rate λ(T,B0)
found previously37 for measurements on DIMPY as a
function of temperature for fixed values of applied field
B0. For the QD regime, realized for B0 < Bc [Fig. 11(b)],
the muon relaxation rate λ is seen to increase with tem-
peratures above 0.5 K. For the LL regime, realized for
B0 > Bc, [Fig. 11(a)] a local maximum is seen in the
relaxation close to Tc, followed by an increase in λ with
increasing temperature, with a power law decrease found
at temperatures significantly above Tc (but well below J).
This was in good agreement with the NMR 1/T1 results,
where the scaling only begins to be seen above Ta ≈ 2Tc
which suggests an onset temperature of Ta ≈ 0.6 K
for muon measurements made at B0 = 4.8 T, in good
agreement with that shown in Fig. 11(a). The expo-
nent α, determined by fitting λ ∝ Tα, was found to be
α = −0.62(5) at B0 = 4.8 T which is comparable to the
NMR values, which showed that α decreases rapidly in
the 3.5 < B < 5 T range, settling at α = −0.75 for fields
above 9 T (inaccessible in these measurements, which are
limited to B0 < 5 T).
In contrast to DIMPY, (Hpip)2CuCl4, which has Bc ≈
1.7 T, lies within the strong-rung regime and so is ex-
pected to host dynamics that can be represented in terms
of repulsive fermionic excitations with K < 1. Corre-
spondingly, we expect a value of = −0.5 ≤ α ≤ 0. Re-
sults of our LF measurements are shown in Fig. 11 (c,d).
In the QD regime at B0 = 1 T [Fig. 11(d)], the relax-
ation rate again tends to increase with increasing tem-
perature. The behaviour is more complex at B0 = 3.3 T,
but is found to be consistent with the data measured for
DIMPY, albeit in a slightly lower temperature regime.
By analogy with the Br-containing material, we would
expect the top of the LL dome coherence energy in
(Hpip)2CuCl4 to be around J ≈ 0.6 K, with a prediction
that the scaling breaks down as we leave the realm of ap-
plicability of the model. If we also assume a Tc . 0.1 K,
then we should expect power law for 0.2 . T . 0.6 K.
Finally, by analogy with DIMPY, we might expect that
λ increases with increasing temperature at temperatures
below the scaling regime. Such a low temperature in-
crease in λ is indeed observed, followed by a regime
of power law behaviour, followed by a further increase
in λ for T & 0.6 K. Fitting the data in the range
0.25 < T < 0.6 K suggests α = −0.35± 0.15, putting the
material in the repulsive regime as expected. Motivated
by the fact that the data suggests three regimes of be-
haviour, Fig. 11(c) shows the result of fitting a model that
allows three different power laws with sharp crossover
temperatures, whose values are also parameters in the
fit. This results in crossover temperatures of Ta = 0.25 K
and Tb = 0.54 K, with a power law in the LL regime of
α = −0.37 ± 0.10. We may conclude that, as in the
case of DIMPY, the scaling behaviour is quite dependent
on the precise position within the B-T phase diagram.
Although this gives us reason to be cautious about the
precise value of the power law, the results are consistent
with the range −0.5 ≤ α ≤ 0, expected for a strong rung
ladder.
VII. CONCLUSIONS
We have presented a broad survey of measurements
made on spin ladder systems using implanted muons.
The transverse field technique has been shown to be sen-
sitive to the crossover between quantum disordered and
Luttinger Liquid regimes in (Hpip)2CuBr4. The muon
probes the magnetism of these systems by realizing a lo-
cal magnetic perturbation that results from the distortion
to the local structure caused by its electrostatic charge.
Despite this modified local character, the muon contin-
ues to be a useful probe of the global properties of the
system, enabling the phase diagram to be mapped out
across a wide range of field and temperature.
This allows us to probe the phase diagram of the par-
tially disordered system (Hpip)2CuBr4(1−x)Cl4x (x =
0.05), where we identify a new regime of behaviour in the
region of applied fields 4.8 ≤ B0 ≤ 5.9 T which, locally,
is intermediate between the QD and LL regions, broadly
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consistent with predictions of Bose glass descriptions of
the physics in related systems. In addition, longitudinal
field measurements enable us to probe the spin dynamics
of the ladders and distinguish the dynamics of strong-
rung and strong-leg materials via characteristic Luttinger
liquid parameters.
These results demonstrate the use of muons as a lo-
cal probe in higher magnetic fields than are typically
employed in standard µSR studies and provide us with
an insight into the evolution of behaviour between sys-
tems based on interacting spin dimers such as the pu-
tative spin liquid states. It is possible that the muon
causes significant perturbations to the global magnetic
state via the local magnetism in such spin liquid systems
(and many others). However, the present results show
that these are not necessarily detrimental to the use of
the muon as a probe of the broader intrinsic properties,
but instead provide a means of probing them via the lo-
cal magnetism. This is especially important in quantum
disordered phases, where in the absence of such a local
perturbative probe effect we would expect no magnetic
response at all. It is hoped that in future the detailed
analysis of muon stopping states in an increasingly di-
verse range of materials will provide further insight into
the ways in which the muon probes its host material, thus
allowing a richer level of detail on the properties of the
material to be revealed.
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Appendix: Density functional theory calculations
The proposed muon stopping sites were obtained from
structural relaxations of the system plus an implanted
muon using DFT. The muon is modelled as an ultrasoft
hydrogen pseudopotential. We use a plane wave cut off
energy of 1000 eV resulting in energies that converge to
a precision of ∼ 10 meV per cell and perform Brillouin
zone integration at the Γ point. We consider the case
of µ+ by using a charged cell and use a neutral cell to
study the of muonium, formed when the muon attracts
an electron as it moves through the crystal.
(Hpip)2CuBr4 crystallizes in the monoclinic space
group P21/c space group
36, with a = 8.487(2) A˚, b =
17.225(3) A˚ c = 12.380(2) A˚ and β = 99.29(2)◦. The
unit cell comprises flattened (CuBr2−)4 tetrahedra and
(C5H12N)
+ counterions and is shown in Fig. 12. Struc-
tural relaxations were performed using a 2× 1× 1 super
cell. Doubling the simulation cell along the shortest di-
mension reduces the spurious self-interaction of the muon
which results from the use of periodic boundary condi-
tions. Furthermore, this results in a simulation cell that
is equivalent to the magnetic unit cell of this system,
thereby allowing us to better assess the effect of the im-
planted muon on the magnetic structure.
The muon was placed in 52 different initial positions
(for both charged and neutral cells) forming an equally
spaced three-dimensional grid spanning distinct positions
within the conventional unit cell. Positions where the
muon would be < 1 A˚ away from another atom were dis-
carded as starting points. The structure plus implanted
muon was then allowed to relax until the forces on the
atoms were all < 5× 102 eV/A˚ and the total energy and
atomic positions converged to 2×10−5 eV and 1×10−3 A˚
respectively. We also relaxed the structure without the
muon in the same manner, such that any atomic displace-
ments result from the presence of the muon, rather than
differences between the experimental structures and that
obtained from DFT.
FIG. 12. The unit cell of (Hpip)2CuBr4, comprising
(CuBr2−)4 tetrahedra and (C5H12N)+ counterions.
We first consider the case of diamagnetic µ+. Relax-
ation of the conventional cell plus the implanted muon
yields, as might be expected for a molecular material,
many candidate muon sites that are close in energy. We
find that the muon stops close to the electronegative Br
ions in the CuBr4 tetrahedra as detailed in the main
text. Rung sites [Fig. 13(a)] have the lowest energies ly-
ing within a narrow 30 meV range. Leg sites [Fig. 13(b)]
were found to be on average 76 meV higher in energy
than the rung sites. Many tetrahedral sites [Fig. 13(b)]
were identified, having energies 43–204 meV higher than
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the rung sites.
FIG. 13. Muon stopping sites within the spin ladder struc-
ture. Muons were found to stop (a) along ladder rungs (b)
along ladder legs and (c) inside the CuBr4 tetrahedra. Yellow
and cyan isosurfaces indicate increases and decreases in spin
density respectively.
Since changes in spin density induced by the implanted
muon are likely to have a significant impact on the mag-
netic properties measured in a µ+SR experiment, we have
compared the calculated spin density of the structure
with and without the muon. It is found experimentally
that the magnetic exchange coupling is antiferromagnetic
along both the legs and rungs and we therefore expect the
sign of the spin density to alternate between adjacent Cu
ions, as found by neutron diffraction3. We note, however,
that this is not the magnetic ground state found in our
calculations, even for the unperturbed structure, where
we find a complicated magnetic ground state involving
spins of equal magnitude on each Cu site, with mixed
ferromagnetic and antiferromagnetic coupling within the
ladders. The failure of DFT to correctly capture the or-
dered magnetic ground state of this system is perhaps
unsurprising, given that the system is found to order
only upon the application of a relatively large external
magnetic field. Though this fact limits our quantitive
analysis, the impact of the implanted muon on the spin
density can still give us an insight into the magnitude
of effects it could have on the magnetic properties of the
system. In Fig. 13, the displayed isosurfaces represent in-
creases and decreases in spin density. The perturbation
caused by the muon probe is quite dramatic: it results
in the flipping of multiple spins. In each case the spin on
four Cu ions close to the muon sites are flipped (note the
use of periodic boundary conditions). These spin flips
occur for Cu ions up to around 9 A˚ away from the muon
site, indicating a range over which muon-induced distor-
tions to the electronic structure can occur. While most of
these changes in spin density are spin flips, the Cu atoms
nearest the muon sites that dominate the local field at
the muon site show a decrease in the magnitude of their
spin. For the rung sites, Mulliken population analysis
indicates a 15 % reduction of the spin on the nearest Cu
ion from 0.34~/2 to 0.29~/2. A similar reduction of the
Cu spin is seen for the leg sites. The tetrahedron sites
see a 25 % reduction of the nearest Cu moment, from
around 0.33~/2 to 0.25~/2. This is likely to reflect the
muon’s closer proximity to a Cu ion for these latter sites.
Since the muon has a large zero point energy due to
its small mass, we expect quantum delocalisation across
the closely spaced members of each group of sites, thus
the properties of the effective quantum delocalised muon
site defined by the group of structures can be estimated
by taking an average over the group. By exploring the
effect of three characteristic modes of magnetic order on
the dipolar field at the muon sites we can determine the
relative sensitivity of the muon sites to different types of
static order and fluctuations. First we explore the effect
of a a uniform FM order parameter along the b axis, then
a staggered AF order parameter in the ac plane directed
along c. Finally we take the known canted AF structure
for the ordered state of the system, which allows an es-
timate the size of the local dipole field at the candidate
muon sites in the LRO region. The dipolar field experi-
enced by a muon at position rµ due to the magnetically
ordered structure is given by
Bdipole(rµ) =
∑
i
µ0
4pir3
[3(µi · rˆ)rˆ− µi] , (A.1)
where µ0 is the permeability of free space and r = rµ−ri
is the position of the muon relative to ion i with magnetic
moment µi.
Our dipolar field calculations are summarised in Ta-
ble II. The large transverse field fluctuation amplitude
B⊥ found for the tetrahedron site is expected to domi-
nate the LF relaxation, with the greatest sensitivity being
seen for AF or canted AF spin fluctuations. When con-
sidering the TF spectra this site also has the largest B‖
coupling, giving a large negative shift for uniform mo-
ments polarised along the b axis. The final column in
Table II gives the TF spectral shift for the known LRO
structure, which allows the satellite spectral features of
Figures 2 to 4 to be clearly assigned. We see that the ob-
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Site Energy Number of FMa AFb Canted AFc
meV structures |B⊥| B‖ |B| |B⊥| B‖ |B| |B⊥| B‖ |B| 0.41B‖
Rung 0 6 6 2.0 6.6 18 ±5.6 19 8.9, 15 -2.1, 5.2 9.1, 16 0.9, 2.1
Leg 76 6 1.4 -22 22 20 ±2.7 20 13, 14 -19, -15 21, 23 -7.7, -6.3
Tetrahedron 140 21 85 -64 140 130 ±34 150 99, 130 -71, -27 130, 150 -33, -11
TABLE II. Summary of the three muon sites and the average sensitivity of their local fields to different modes of correlated
ordering of the Cu moments, expressed in units of mT/(µCu/µB). Field directions B⊥ and B‖ are relative to the b axis, which
is the orientation of the applied field in the experiments. Large B⊥ values are associated with strong relaxation in the LF
configuration and large B‖ values are associated with strong relaxation and significant spectral shifts in the TF configuration.
aFM moments along the b axis. bAF moments along the c axis. cCanted AF mode (Thielemann et al.3), the final column lists
the predicted field shifts in mT for the TF spectrum with the LRO moment of 0.41 µB .
served +2 mT feature corresponds to the rung site and
the -6 mT feature corresponds to the leg site.
The sites found in the case of muonium (investigated
by employing a neutral simulation cell) are very similar to
those described above. After relaxation of the structure,
there is little electron density found around the muon,
with the additional electron density instead moving to
the piperidinium ion (close to the N) and the CuBr4
unit closest to the muon. The additional electron density
around this Cu ion results in a slight reduction of the Cu
moment compared with each of the corresponding cases
for diamagnetic µ+. The spin density around the muon
is found to be small for both charged and neutral cells.
We therefore expect the contact hyperfine contribution
to the local magnetic field experienced by the muon to
be small, with dipolar coupling providing the dominant
contribution.
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